of photosynthesis observed at above-optimum temperatures (3).
In most C3 plants which have been examined, photosynthetic temperature inhibition is fully reversible up to a high temperature threshold, beyond which irreversible effects predominate (for review, see Ref. 3). Among the factors which are known to regulate the degree of reversible temperature inhibition are stomatal conductance limitations (11, 31) , and the 02 inhibition of photosynthesis (photorespiratory reactions), which includes the differential liquid phase solubilities of 02 and CO2 as temperature increases (20) . Recent discussions by Farquhar et al. (9, 10) and Collatz (5) suggest that the steady state concentration of RuBP2 may regulate the activity of RuBP carboxylase, a potentially rate-limiting step in the reductive pentose phosphate cycle. It of photosynthesis observed at above-optimum temperatures (3) .
Temperature has also been shown to affect both the Km (CO2) and V,= of RuBP carboxylase in vitro (2, 24) . Weis (35) has suggested that a temperature-dependent inactivation of RuBP carboxylase occurs at above-optimal temperatures in intact spinach chloroplasts. Such temperature effects may be partly responsible for the reversible temperature limitations on net photosynthesis observed for intact leaves. However, difficulties arise in interpreting these data due to the uncertainties encountered in using in vitro studies to describe processes in vivo.
Photosynthetic inhibition at analysis temperatures beyond the point of reversibility is due in part to irreversible inhibition of the quantum yield for CO2 fixation, and decreased activity of certain enzyme reactions (4) . An irreversible reduction in the quantum yield has been used as an indication of heat damage to the photosynthetic apparatus (29) , and is presumably related to the integrity of the thylakoid membranes (1) .
Agropyron smithii is a C3 perennial grass which constitutes a major biomass producer of the short-and mixed-grass prairie ecosystems. Plants of this species initiate growth during the early spring months when seasonal temperatures are relatively cool (6) . Flowering occurs in June; thus, this species completes a major portion of its life cycle before the commencement of high air temperatures which characterize the remainder of the growing season. Laboratory studies have indicated that net CO2 uptake is severely limited when this species is grown or analyzed at temperatures above 25 to 30°C (19, 36 In an atmosphere of low 02 and normal CO2 (2% 02, 340 pl I-' C02), the photosynthetic temperature response was characterized by increased rates of net CO2 uptake at all temperatures, and a shift in the temperature optimum to between 30 and 35°C. Further increases in the light-saturated rate of net photosynthesis at all analysis temperatures were observed when the CO2 concentration external to the leaf was increased to 800 ,ul I-CO2 (Fig. 1) the degree of 02 inhibition exhibited a similar temperature response pattern (Fig. 2) . One exception to the similarity was observed above 40°C, whereby the absolute amount of 02 inhibition did not increase.
The Temperature Dependence of Stomatal and Intracellular Conductances. The stomatal conductance to CO2 uptake (C8) increased only slightly over the entire experimental temperature range, when assayed at a low and relatively constant VPD between the leaf and air (Fig. 3A) . When the dewpoint temperature of the airstream entering the leaf cuvette was adjusted so that a slight increase in the VPD occurred with increasing temperature, then decreases in stomatal conductance were observed at the higher leaf temperatures (Fig. 3B) . Stomatal responses to the VPD, such as those presented in Figure 3B, The intracellular conductance to CO2 (Ci) increased as a function of increasing leaf temperature (Fig. 4) (Fig. 10) .
The net photosynthesis rate of intact leaves approached substrate saturation at progressively higher CO2 concentrations as leaf temperatures were increased. Deviations from Michaelis-Menten kinetics were observed at high CO2 concentrations (greater than 8 pM) in vivo, at all experimental leaf temperatures (Fig. 5C) (10-90 s) .
Activities of RuBP carboxylase measured in vitro increased at any given CO2 concentration as assay temperatures were increased (Fig. 6) . Data from two representative temperatures are presented, although the response of RuBP carboxylase activity to CO2 concentration was measured at 50C intervals from 10 to 450C. Deviations from Michaelis-Menten kinetics were not observed at any experimental temperature when the data from the in vitro assays were expressed in double-reciprocal plots (Fig. 6C) .
Values for the apparent 1c which were determined from the double-reciprocal plots at each temperature in vitro are presented in Figure 7 . The values were very similar at any given temperature, and exhibited approximately equal increases as temperature increased, whether determined from the in vivo or in vitro assays.
The temperature response of the calculated V,, of RuBP carboxylase in vivo was characterized by a Qlo of 1.3 to 1.6 between 10 and 40°C (Fig. 8) (Figs. 9 and 10 ). The initial slope of the light response curve (quantum yield for CO2 uptake; 0) was not reduced as leaf temperatures increased from 20 to 35°C; however, the absolute magnitude of net CO2 uptake at each light intensity was reduced slightly (Fig. 10) tures above 35°C, marked reductions in the quantum yield for CO2 uptake were observed (Fig. 10) . Reversibility of the temperature-dependent reduction in quantum yield was assessed by comparing the quantum yield before and after a 30-min high temperature pretreatment (Fig. 11) . At 40°C, the reduction in quantum yield was completely reversible, while irreversible reductions occurred above 41°C.
DISCUSSION
The shape of the temperature response curve for photosynthesis in normal air for A. smithii, is similar to previously reported temperature responses for C3 plants grown in cool-temperature regimes (for review, see Ref. 3) . The cumulative results of these studies suggest a common pattern of habitat temperature adaptation among C3 plants native to cool-temperature environments. In most of these cool-adapted plants temperature optima for photosynthesis occur between 20 and 30°C, with fairly distinct upper temperature thresholds between 40 and 44°C, beyond which net photosynthesis is irreversibly inhibited (4, 7, 29, 30) . Recent studies in our laboratory (data not shown), as well as those by Kemp and Williams (19) and Williams (36) , indicate that A. smithii possesses very little potential for photosynthetic acclimation to temperature. In fact, in these latter studies, net photosynthesis was reduced at all analysis temperatures when grown in a 350C day/150C night temperature regime, relative to a 20°C day/15°C night temperature regime. Together these studies demonstrate a high degree of correlation between the temperature response of photosynthesis for A. smithii and seasonal phenology patterns in situ (described in the "Introduction").
The inhibition of net photosynthesis at temperatures above the optimum does not appear to be due to decreasing stomatal conductance (Fig. 3A) . It should be noted, however, that the response of stomatal conductance to leaf temperature, in this case, was determined in the presence of a low and relatively constant leaf to air vapor pressure difference (VPD). Previous studies have indicated that many plant species exhibit a marked decrease in stomatal conductance in response to increases in the leaf to air VPD (for review, see Ref. 13 ). In the current study, we also observed decreases in stomatal conductance for A. smithii if the leaf to air VPD increased with temperature (Fig. 3B) . Stomatal responses of this type could significantly modify the temperature dependence of net photosynthesis for A. smithii in situ, as the leaf to air VPD often increases diurnally as a function of increasing leaf temperatures. The magnitude of this potential modification is observed by comparing the temperature response of photosynthesis for A. smithii in the current study, with that reported by Kemp and Williams (19) . In the latter study, the VPD was allowed to increase over the entire experimental temperature range, resulting in marked reductions in net photosynthesis between 25 and 35°C with concomitant decreases in stomatal conductance. In the current study, the VPD was maintained at a relatively constant value, and only slight reductions in net photosynthesis occurred between 25 and 35°C with virtually no decrease in stomatal conductance.
From the results presented in Figure 2 , it is evident that the reactions involving the 02 inhibition of photosynthesis comprise a substantial proportion of the reversible high temperature inhibition of photosynthesis in normal air. Maximal 02 inhibition occurred at 40°C, approximately 15°C higher than the temperature optimum for net photosynthesis. These results are consistent with several previous studies, in which maximal 02 inhibition was observed to occur 10 to 15°C higher than the photosynthetic temperature optimum (15, 17, 27) . In other studies, however, 02 inhibition is reported to be greatest at the photosynthetic temperature optimum (16, absolute amount of 02 inhibition occurred above 40°C in the present study. Concomitant reductions in CO2 uptake which are independent of 02 inhibition (reflected in reduced photosynthesis rates above 40°C in 2% 02; Fig. 1 (Fig. 2) . The range of the per cent inhibition expressed by A. smithii (20-65%) is similar to that reported for other C3 species (8, 23) .
Further limitations to net photosynthesis at above-optimal temperatures in A. smithii may have been due to the dependence of CO2 solubility on temperature. The liquid phase solubility of CO2 decreases markedly as leaf temperatures increase (20 significant restrictions on CO2 uptake at high temperatures. Evidence of this effect in A. smithii was observed in the results presented in Figure 1 . The temperature optimum for photosynthesis increased by approximately 5 to 70C when the CO2 concentration external to the leaf was increased from 340 to 800 ,ul 1-1.
There has been some debate in the literature as to whether the CO2 response of intact leaf photosynthesis is characterized by Michaelis-Menten kinetics (14, 18, 21) . Recent studies by Lilley and Walker (25) have shown that at saturating CO2 concentrations, rates of CO2 fixation in spinach chloroplasts are lower than rates in extracted RuBP carboxylase preparations. They suggested the presence of a photochemical limitation to the rate of RuBP regeneration. The absence of deviations from Michaelis-Menten kinetics for RuBP carboxylase assayed in vitro (Fig. 6) Points represent data from one leaf which were typical of three replicates. (Fig. 4) suggests that temperature-dependent changes in K, and/or V.,x are occurring in vivo. Evidence of temperature-dependent changes in the V.,x of RuBP carboxylase in vivo is provided in Figure 8 . The decreased Qlo of V,,,. in vivo, relative to in vitro, may be due to temperaturedependent changes in the chloroplast stromal environment, such that the V,,, of RuBP carboxylase becomes increasingly limited as temperature increases. In a recent study, Weis (35) suggested that a progressive, reversible inactivation of RuBP carboxylase occurs at above-optimum temperatures in intact spinach chloroplasts. Further studies are needed to characterize the biochemical environment of the chloroplast as a function of temperature, and thus, establish the precise relationship between the low Qlo of RuBP carboxylase in vivo (Fig. 8) and the low Qio of intact leaf photosynthesis between 20 and 40°C (Fig. 1) .
Increases in the apparent K, for RuBP carboxylase as temperature increases may also have a role in intact leaf photosynthetic limitations at above-optimum temperatures (Fig. 7 ). In the current study, the temperature dependence of the apparent K, was less than previously reported (2, 24); however, increases in the apparent Km (CO2) with increased temperature were observed in those studies. Values for the apparent K, were similar in both the in vivo and in vitro assays (Fig. 7) . These values are similar to the range of apparent Km (CO2) which have recently been determined for a number of C3 grasses (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) ,UM) (37). In the current study, we have simplified the kinetics of the CO2 response curve in vivo by assuming that the physical transfer component of CO2 diffusion from the cell wall to the site of carboxylation, is a minor component relative to the biochemical conductance of the carboxylation step. The validity of this assumption is supported by the similar values for apparent K, from both the in vitro and in vivo assays. Indeed, in those studies which have assumed the transfer component to be a major limitation to CO2 uptake, the apparent K, has been determined as an unreasonably low value (18, 33) . The presence of deviations from Michaelis-Menten kinetics in vivo required us to estimate the kinetic constants for intact leaves at CO2 concentrations below the apparent K,. At substrate concentrations below K,, it is more difficult to determine kinetic constants. This problem was especially obvious at high leaf temperatures. However, the similarities among the values of K, in vivo and in vitro for several experimental leaves (Fig. 7) suggest that valid estimates of kinetic constants for intact leaves can be derived. The V.< of RuBP carboxylase measured in vitro at various temperatures is greater than the C02-saturated rate of photosynthesis in intact leaves. However, the in vitro V,,,, of the enzyme is lower than expected when compared with theoretical in vivo V,,, (Fig. 8) . While it is probably difficult to obtain maximum activation and specific activity with RuBP carboxylase in vitro, the in vitro Kc of the enzyme in the present study may be similar to that in vivo (Fig. 7) . A major assumption we have made in the current study is Net photosynthesis in A. smithii was saturated with respect to light intensity at approximately 70o of full sunlight, when measured in the presence of saturating CO2 (Fig. 9) . At leaf temperatures above 35°C, decreases in photosynthetic capacity were partially dependent on temperature-induced limitations to the lightdependent reactions of photosynthesis (Fig. 10) . Decreases in the absolute magnitude of net CO2 uptake at each of these limiting light intensities as leaf temperatures increased were likely due to the presence of a progressively larger amount of mitochondrial respiration contributing to CO2 efflux from the leaves (12) . The temperature-dependent reductions in quantum yield were irreversible above 41°C (Fig. 11) . These results are consistent with previous observations of the temperature (40-490C) at which irreversible reductions of the quantum yield for CO2 uptake, and/ or large increases in temperature-dependent Chl fluorescence, occur for a number of C3 and C4 species (7, 29, 30) . It has been suggested that these reductions in efficiency are primarily due to heat damage to the thylakoid membranes (1, 29) . In order to further characterize high temperature damage to the photosynthetic apparatus in A. smithii at the subcellular level of organization, a separate series of studies with isolated chloroplast grana have been conducted. The results from these studies are reported in an accompanying report (32) .
